and immunity were apparent. These up-regulated transcripts constituted multiple gene networks that were linked to various aspects of immune function. Surprisingly, the up-regulation of most of these immune genes in the gene networks occurred at 1 week and was sustained at у6 weeks after BCG vaccination/infection. Although early activation of immune gene networks was an immune correlate of anti-BCG immunity, prolonged up-regulation of these networks coincided with the development of vaccine-elicited T cell responses after BCG vaccination/infection. These findings provide molecular evidence suggesting that the BCG-induced gene networks may represent global transcriptomes and proteomes underlying the development of T cell responses and, ultimately, immunity to mycobacteria.
Gene networks of protective lymphocytes after immune activation with live attenuated vaccines remain poorly characterized. Because Mycobacterium bovis bacille Calmette-Guérin (BCG) vaccine can confer protection against fatal forms of tuberculosis in humans and monkeys, we made use of macaque models to optimally study immune gene networks after BCG vaccination/infection. We first established and validated a large-scale real-time quantitation system and then used it to measure expression levels of 138 immune genes after BCG vaccination/infection of rhesus macaques. Systemic BCG vaccination induced up to 600-fold increases in expression of 78 immune genes among the 138 genes tested at the time when BCG-elicited T cell responses
and immunity were apparent. These up-regulated transcripts constituted multiple gene networks that were linked to various aspects of immune function. Surprisingly, the up-regulation of most of these immune genes in the gene networks occurred at 1 week and was sustained at у6 weeks after BCG vaccination/infection.
Although early activation of immune gene networks was an immune correlate of anti-BCG immunity, prolonged up-regulation of these networks coincided with the development of vaccine-elicited T cell responses after BCG vaccination/infection. These findings provide molecular evidence suggesting that the BCG-induced gene networks may represent global transcriptomes and proteomes underlying the development of T cell responses and, ultimately, immunity to mycobacteria.
Live attenuated vaccines have proved to be protective against a number of infectious diseases [1] [2] [3] [4] [5] [6] . Although the development and evaluation of live vaccines are mainly focused on safety and the efficacies of vaccineelicited immune responses and vaccine-induced protection, little is known about the global transcriptional responses of protective lymphocytes elicited by a live vaccine. Studies of global transcriptional responses or gene networks during the development of protective immune responses after vaccination can facilitate our understanding of the molecular mechanisms of live vaccine-mediated immunity and may provide useful information for developing and evaluating new or better vaccines from safety and efficacy standpoints.
Among infectious diseases, tuberculosis remains one of the leading causes of death, with an estimated 8-9 million new cases occurring worldwide annually [7] . The high rate of an adult form of pulmonary tuberculosis may be attributed, in part, to the absence of a highly effective vaccine. Live attenuated Mycobacterium bovis bacille Calmette-Guérin (BCG) vaccine is protective against M. tuberculosis infection and fatal forms of tuberculosis in children [1, 3, 8] , although it is unable to consistently confer protection against an adult form of pulmonary tuberculosis [1, 3, 8, 9] . Elucidating BCGelicited immune responses that confer short-term protection against M. tuberculosis infection may facilitate the development of tuberculosis vaccines that are better than BCG [10, 11] . In this regard, exploring the gene networks of BCG-elicited lymphocytes may provide in- Table 1 . Sequences of macaque genes used for designing real-time polymerase chain reaction primers and probes (under submission to GenBank).
The table is available in its entirety in the online edition of the Journal of Infectious Diseases.
formation for the rational design and evaluation of new tuberculosis vaccines [12, 13] . Studies by us and others suggest that BCG-vaccinated monkeys can provide a dual model system in which to explore both vaccine-elicited T cell responses and anti-mycobacterium immunity at cellular or molecular levels [14] [15] [16] . As a vaccine model, BCG immunization can serve as a prototype of live vaccine-elicited T cell immune responses. As an infection model, BCG-infected monkeys can be assessed for immune correlates for clearance of BCG bacteria after systemic BCG vaccination [15, 16] . In fact, BCG vaccination has been shown to confer protection against early fatal tuberculosis in rhesus macaques after aerosol and low-dose M. tuberculosis infection [15, [17] [18] [19] [20] . These findings are consistent with BCG's capability to protect against M. tuberculosis infection in children [1] [2] [3] . We therefore made use of BCG-vaccinated rhesus macaques to study global gene-expression profiles of protective lymphocytes. We first established and validated a large-scale real-time quantitation system for measuring 138 macaque immune genes and then used this system to identify global gene networks that underscore BCG-elicited T cell immune responses and associated anti-BCG immunity.
MATERIALS AND METHODS
Macaques and BCG vaccination/infection. Normal, healthy rhesus macaques, 2-6 years old, were included in the present study. Monkeys were vaccinated intravenously with cfu 6 1 ϫ 10 of M. bovis BCG (Pasteur strain), as described elsewhere [15, 16] . The BCG vaccination/infection of monkeys was done on the basis of the animal protocol that was approved by the University of Illinois at Chicago Institutional Animal Care and Use Committee. Blood samples were collected weekly or biweekly after BCG vaccination/infection, to measure the expression kinetics of immune genes in peripheral-blood mononuclear cells (PBMCs).
Macaque immune gene templates. Because a number of macaque immune genes are not available in GenBank, we isolated cDNA of those genes through polymerase chain reaction (PCR)-based cloning and sequencing, using primer sets that were designed on the basis of the sequences of their human counterparts. The isolated PCR products of individual macaque genes were sequenced using a direct sequencing technique [21] . The sequences of individual genes were used for designing primer sets and probes for real-time quantitative PCR, on the basis of recommendations given in Primer Express software (PE Applied Biosystems); the cloned cDNA of individual genes serves as template standards for real-time quantitation. Table  1 shows the sequences of these isolated macaque genes and other genes available in GenBank.
RNA isolation and cDNA synthesis. PBMCs ( ) were 6 6 ϫ 10 collected at each time point, mixed with 800 mL of TRIzol reagent (Invitrogen), and stored at Ϫ70ЊC until use. Total RNA was isolated from PBMCs by the TRIzol isolation method [15] . cDNA synthesis was done by use of the protocol provided in the cDNA Synthesis Kit from Clontech Laboratories, as described elsewhere [15] .
Large-scale real-time quantitation system for measuring 138 macaque immune genes. The large-scale real-time quantitation system was established on the basis of our extensive experience with real-time quantitative PCR, as described elsewhere [14, 15, [22] [23] [24] [25] [26] . The names and abbreviations of individual genes as well as sequences of primers and FAM probes for the genes are listed in table 2. Real-time quantitative PCR was performed using PE Applied Biosystems 7700 single-reporter sequence-detection systems. The total reaction volume was 12.5 mL; it contained 6.25 mL of master mix (PE Applied Biosystems), 0.5 mL of 12.5 pmol/mL forward primer, 0.5 mL of 5 pmol/mL FAM probe (Applied Biosystems), 2.75 mL of H 2 O, and 2 mL of cDNA diluted 1:10 or 1:20. Reaction wells for each sample were done in triplicate. The real-time PCR conditions were 50ЊC for 2 min, 95ЊC for 10 min, 40 cycles of 95ЊC for 15 s, and 60ЊC for 1 min. Six defined copies of each gene template were included in each PCR microplate, to serve as standards for real-time quantitation. All amplifications were done in an optical 96-well reaction plate with an optical membrane cover (MicroAmp; PE Applied Biosystems). To minimize variation, cDNA samples prospectively collected from each rhesus macaque were run together in a plate for quantitation of each gene. All data were analyzed using GeneAmp 7700 SDS software. The expression values of individual genes were normalized on the basis of the values of the b-actin or GAPDH housekeeping gene (number of copies/ b-actin 5 1 ϫ 10 or GAPDH transcripts). The changes in expression for each gene were calculated by dividing the postvaccination values by the prevaccination values. The data were then expressed as a fold change for the postvaccination value relative to the baseline value for each gene (i.e., fold change equals copies for the week 2 sample divided by the copies for the week 0 sample).
Validation of the large-scale real-time quantitation system. The large-scale real-time quantitation system was validated for the extent of variation and reproducibility, as described elsewhere [26] . The coefficient variations for intraassays and interassays for 30 immune genes were both !28% (data not shown). More importantly, in vivo experiments were conducted to validate this large-scale real-time quantitation system. The assay system was used to test variation over time for each of the 138 genes in PBMCs from 4 normal, uninfected rhesus macaques. To this aim, 4 macaques were inoculated intravenously with 5 mL of saline (presumably causing no changes in gene expression in PBMCs); PBMCs were collected at week 0 (right before the inoculation) and at week 2 and were then assessed for changes in expression levels of the 138 immune genes. There was no significant change in expression values for individual genes over time after saline administration in these macaques, because the mean values for each gene at week 2 were close to those at week 0 (table 3, control data). These data therefore suggested that the large-scale real-time quantitation system could be used to measure potential changes in the expression of the 138 immune genes after BCG vaccination/ infection.
Measurement of mycobacterial burdens. Quantitation of mycobacterial infection was accomplished by measuring bacterial colony counts and levels of mycobacterial Ag85B mRNA expression [15] . Viable BCG mycobacterial colony counts in the blood were determined on the basis of the quantitation of mycobacterial colony-forming units in cell lysates from blood cells from BCG-vaccinated macaques. Five-fold dilutions of the lysate were plated in duplicate on Middlebrook 7H10 agar plates (Diffico) [15] . Colony-forming units were counted after a 3week incubation at 37ЊC.
Enzyme-linked immunospot (ELISpot) assay for measuring antigen-specific T cells.
To measure the numbers and interferon (IFN)-g-production capacity of mycobacteria-specific T cells, peripheral-blood lymphocytes (PBLs) were assessed for their specific recognition of purified protein derivative (PPD) antigens by ELISpot assay, as described elsewhere [16, 24] . Data were expressed as numbers of PPD-specific IFN-g-producing T cells per PBMCs. 6 1 ϫ 10 Statistical analysis. As described elsewhere [23] , Student's t test and nonparametric test were used to examine whether any differences in the numbers of PPD-specific T cells or in the levels of individual gene transcripts identified after BCG vaccination/infection were statistically significant.
RESULTS

Selective up-regulation of many immune genes or gene networks 5 weeks after BCG vaccination/infection.
Our previous studies showed that vaccine-elicited T cell responses and coincident clearance of BCG bacteria were most striking 4-8 weeks after intravenous BCG inoculation in macaques [14] [15] [16] 24] . We presumed that investigation of gene expression at these time points would allow us to optimally identify gene networks connected to the peak immune response and anti-BCG immunity. Thus, PBL samples were collected from 4 macaques at week 5 after intravenous BCG inoculation and assessed for the expression of 138 immune genes. Systemic BCG infection was generated on the basis of the consideration that blood lymphocytes, but not lung cells, could be prospectively collected from individual macaques and readily measured for transcriptional immune responses. Many immune genes in blood lymphocytes were selectively up-regulated 5 weeks after BCG vaccination/infection of macaques (table 3) . Of 138 immune genes, 93 were apparently up-regulated. Of the up-regulated genes, the mean expression of 14 was increased 1100-fold in circulating lymphocytes. The mean expression of 14 genes was increased 51-100-fold, that of 41 was increased 16-50-fold, and that of 24 was increased 5-15-fold. For 78 of these up-regulated genes, statistically significant differences existed relative to baseline levels (see the P values in table 3; see also table 4).
These 78 up-regulated immune genes could be grouped into at least the following gene networks, which are linked to many aspects of immune function: (i) a gene network of lymphokines and lymphokine receptors for immune activation/adaptive T cell responses-IL-3, IL-8, IL-15, IL-16, IL-18, IL-22, IL-23a, IL-27, IFN-a, IFN-b, IFN-g, TNF-a, IL-2Ra, IL-2Rb, IL-2Rg, IL-3a, IL-4R, IL-6R, IL-8Ra, IL-11Ra, IL-13Ra, IL-17R, IL-18R1, IFN-gR, and TNFR (see table 4 for changes in IL-1a, IL-1b, IL-2, IL-4, IL-5, IL-6, and IL-9); (ii) a gene network of chemokines and chemokine receptors for mucosal/tissue migration and T cell activation [27, 28] -CCL27, CCL28, GCP2 (CCL6), IP-10, MCP1, MCP2, MDC, MIP-1b, CCR4, CCR5, CCR8, CCR9, CCR10, CCR11, CXCR4, CXCR6, and XCR1; (iii) a gene network of signal costimulators for vaccine-elicited T cell responses [29, 30] -B7-2, CD28, CTLA4, ICOS, PD1, PDL1, and PDL2; (iv) a gene network of transcription and transactivation-C-MAF, PU.1, SCM1, T-bet, STAT1, and STAT6;
(v) a gene network of T helper commitments-IFN-g, T-bet, IP-10, TIM1, and TIM3; (vi) a gene network of cytotoxic effectors-GZMA, GZMB, and GZMK; and (vii) a gene network of innate and other immune factors-TLR2, VEGF, MMP-9, UBP43, ICAM-1, CTSG, EDN1, SLPI, etc. It should be pointed out that up-regulated genes in each presumed gene network would have other potential or speculated functions. Thus, these results demonstrate that many immune genes that constitute complex gene networks were selectively up-regulated at 5 weeks after BCG vaccination/infection.
Detectability at 1 week and stability at у6 weeks of BCG-induced gene networks after BCG vaccination/infection.
Because BCG-induced gene networks composed of 78 genes were identified 5 weeks after BCG inoculation, we sought to determine whether these gene networks emerged early and stabilized over time after BCG vaccination/infection. We analyzed the expression kinetics of these up-regulated genes in an additional 4 monkeys weekly or biweekly after BCG vaccination/ infection. Interestingly, systemic BCG vaccination/infection induced early and relatively stable up-regulation patterns of these selected immune genes after BCG vaccination/infection (table  Table 2 . Names, abbreviations, and oligonucleotide sequences of 138 macaque immune genes investigated by use of a large-scale real-time quantitation system. 
NOTE.
Peripheral-blood lymphocytes (PBLs) were collected from 4 rhesus monkeys before (week 0) and after (week 5) BCG vaccination/infection and assessed for global gene expression by a large-scale real-time quantitation system. Earlier studies had shown peak T cell responses and anti-BCG immunity occurring 5 weeks after intravenous BCG inoculation [14] [15] [16] . BCG data show the means of fold changes in expression levels for week 5 vs. week 0 in PBLs from the 4 BCG-vaccinated monkeys. P values for IL-1, IL-2, IL-4, IL-5, IL-6, and IL-9 were 1.05 at this 5-week time point but were !.05 in the longitudinal analysis (table 4) (table 4) . These genes were remarkably up-regulated at multiple-week time points after BCG vaccination/infection (table 4). Some of these immune genes underwent short-term increases in expression in circulating lymphocytes (table 4). For example, the genes for major T cell-proliferating lymphokines, IL-2 and IL-15, were up-regulated 2-4 weeks and were back to baseline level 6 weeks after BCG vaccination/infection. The BCG-induced immune genes and gene networks returned to baseline at week 19 after BCG vaccination/infection. Importantly, a number of selected lymphokine receptors and chemokine receptors were apparently up-regulated at week 1 and were sustained through у6 weeks after the systemic BCG vaccination (table 4), suggesting that these immune receptors serve as transcriptional platforms for vaccine-elicited immune responses. These results, therefore, provide evidence that BCG vaccination/infection induces early and prolonged up-regula- . The levels of BCG colony-forming units in simian immunodeficiency virus-infected monkeys were persistent and were higher than those in healthy naive monkeys [14] . Network (i) is the gene network of lymphokines and lymphokine receptors for immune activation/adaptive T cell responses; network (ii) is the gene network of chemokines and chemokine receptors for mucosal/tissue migration and T cell activation; network (iii) is the gene network of signal costimulators for vaccine-elicited T cell responses; network (iv) is the gene network of transcription and trans-activation; network (v) is the gene network of T helper commitments; network (vi) is the gene network of cytotoxic effectors; and network (vii) is the gene network of innate and other immune factors (see the first section of Results). PBMCs, peripheral-blood mononuclear cells.
tion of selected immune genes or gene networks in circulating lymphocytes.
Establishment of early activation of immune gene networks as an immune correlate of anti-BCG immunity and correlation between prolonged gene network up-regulation and the development of T cell responses.
The sequential events for up-regulated gene networks, cellular immune responses, and anti-mycobacterial immunity after vaccination or infection have not been well described, although global immune activation after vaccination/infection is generally believed to drive cellular responses and immunity. To explore whether and when the early and sustained up-regulation of gene networks after BCG vaccination could be linked to the development of T cell immune responses and anti-BCG immunity, we sought to examine the correlation between up-regulated gene networks and antigen-specific cellular responses as well as between the gene networks and immune clearance of BCG bacteria in the blood after BCG vaccination/infection. We first calculated the means of fold changes in the expression of selected genes in each of the gene networks and then plotted these values over the levels of PPD-specific IFN-g-producing T cells or BCG colony-forming units (BCG bacteremia) at each time point after BCG vaccination/infection ( figure 1) . The up-regulation of these gene networks occurred earlier than did PPD-specific T cell re-sponses after BCG vaccination/infection (figure 1). One week after BCG vaccination/infection, most immune genes in the networks were up-regulated, whereas PPD-specific IFN-g-producing T cells were detectable only 2-3 weeks after the BCG inoculation (figure 1). However, prolonged up-regulation of these genes or gene networks clearly coincided with the sustained development of PPD-specific T cell responses after BCG vaccination/infection (figure 1). Such prolonged up-regulation of immune gene networks was also associated with major expansions of CD4 T cell, CD8 T cell, and Vg2Vd2 T cell populations (data not shown and [16] ). Interestingly, although BCG bacteremia was the driving force of the up-regulation of genes, early up-regulation of gene networks occurred coincidently with the clearance of BCG bacteremia (figure 1). Previous studies have demonstrated that the clearance of BCG bacteremia is related to the immune response, because suppression of antigen-specific T cells during simian immunodeficiency virus infection results in prolonged BCG bacteremia or persistent BCG coinfection [14] . The present findings, therefore, elucidate the in vivo event sequences for immune gene networks, an immune correlate for anti-BCG immunity, and the development of vaccine-elicited T cell responses after BCG vaccination.
DISCUSSION
In the present study, we conducted the first large-scale realtime quantitation of immune gene expression in the settings of vaccine-elicited T cell responses and immune clearance of live vaccine in the blood. Our real-time quantitative PCR system appears to be more sensitive than gene-microarray assays and can detect up to 100-fold increases in gene expression, whereas microarray assays usually allow a detection of !5-fold changes in host gene expression in most cases of infections [31] [32] [33] [34] [35] . The real-time quantitative PCR system may also be more specific than microarrays, which may be more likely to introduce potential artifacts or nonspecificity while analyzing wider gene profiles. Our extensive validation studies suggest that this system was reproducible and reliable. Importantly, although our real-time quantitation system revealed no significant changes in 138 analyzed immune gene transcripts in control macaques inoculated with saline (table 2), the system allowed us to identify up-regulated immune gene networks after BCG vaccination/infection in macaques. Such a large-scale realtime quantitation system may be useful for preclinical or clinical studies of immune gene networks for both vaccine-elicited immune responses and disease pathogenesis.
One of the interesting findings of the present study is the early and prolonged up-regulation of various immune genes or gene networks after BCG vaccination/infection. Some groups have reported that certain targeted cytokines are either undetectable or detectable for only a short time, coincident with antigenemia [36] [37] [38] . Our ability to identify prolonged upregulation of immune gene networks after BCG vaccination/ infection can certainly be attributed to the great sensitivity of real-time PCR-based quantitation, compared with that of conventional ELISA. BCG vaccination/infection induced transcriptional networks composed of a minimum of 78 up-regulated immune genes in circulating lymphocytes. Most of these upregulated genes in the transcriptional networks can emerge early and sustain a high level of expression for у6 weeks after BCG vaccination/infection.
Another interesting observation is that BCG-elicited protective responses involve many genes or gene networks, rather than a few genes. The up-regulated genes or gene networks may act in concert to initiate and maintain translational events after BCG vaccination and likely represent the fundamental proteomes that mount the innate response and BCG-elicited T cell immune responses. Up-regulated TLR and the genes for certain lymphokines and chemokines or even some cell-surface receptors can act as innate immune components and contribute to the early containment of mycobacteria. Meanwhile, up-regulated immune genes can help to develop and sustain T cell responses. Although IL-2, IFN-g, T-bet, IP-10, and TIM1 and TIM3 may facilitate the development of a Th1 response [39, 40] , up-regulated IL-2 and IL-15 transcripts can encode the lymphokines that drive the clonal expansion of vaccine-elicited T cells in BCG-vaccinated monkeys. It is also likely that the networking effect of other up-regulated lymphokine genessuch as IL -3, IL-4, IL-8, IL-16, IL-18, IL-20, IL-22, IL-23 , IFNa, IFN-b, IFN-g, and TNF-a-contributes to the clonal expansion of vaccine-elicited T cells. Correspondingly, the upregulation of lymphokine receptors after BCG vaccination may provide the platforms supporting the development of adaptive immune responses of antigen-specific T cells after BCG vaccination/infection. Expression of these surface receptors on lymphocytes can certainly confer to these cells the ability to readily proliferate or expand in response to autocrine or exocrine lymphokines after BCG vaccination/infection. Likewise, the gene network of chemokine and chemokine receptors may play a role in facilitating adaptive immune responses as well. Some chemokines drive leukocyte migration along chemokine gradients; others may regulate dendritic cell (DC) maturation and direct encounters with and interactions between DCs, T cells, and B cells [27, 28] . Up-regulated chemokine receptors allow circulating lymphocytes to readily migrate to the tissue and mucosae for immune clearance of mycobacteria.
The up-regulated immune gene networks analyzed here may contribute to immunity against mycobacterial infection. Our data show a correlation between early up-regulated gene networks and immune clearance of BCG mycobacteria. The data also indicate that correlates of protection or clearance may not be attributed simply to 1-5 selected genes but, rather, to a set of coordinately regulated genes. Presumably, these up-regulated immune genes may represent gene networks of both innate and adaptive anti-mycobacterial immunity, because these networks are connected in time to early immune clearance of BCG bacteria and BCG-specific T cell responses. Given the capability of BCG to confer protection against fatal forms of M. tuberculosis infection and tuberculosis [1, 3, 8, 15] , BCG-induced gene networks of immunity may provide standards for comparisons with other TB vaccines that are currently under development. On the other hand, these gene networks of adaptive immunity may be different from those profiles of inflammation or immune failures that occur as a result of tuberculosis or AIDS-related tuberculosis. Information from such comparative studies should enhance our understanding of vaccine development and the pathogenesis of tuberculosis.
